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Summary
1. Extensive research shows that more species-rich assemblages are generally more productive and eﬃcient in
resource use than comparable assemblages with fewer species. But the question of how diversity simultaneously
aﬀects the wide variety of ecological functions that ecosystems perform remains relatively understudied. It pre-
sents several analytical and empirical challenges that remain unresolved. In particular, researchers have devel-
oped several disparate metrics to quantify multifunctionality, each characterizing diﬀerent aspects of the concept
and eachwith pros and cons.
2. We compare four approaches to characterizing multifunctionality and its dependence on biodiversity, quanti-
fying (i) magnitudes of multiple individual functions separately, (ii) the extent to which diﬀerent species promote
diﬀerent functions, (iii) the average level of a suite of functions and (iv) the number of functions that simulta-
neously exceeds a critical threshold.
3. We illustrate each approach using data from the pan-European BIODEPTH experiment and the Rmultifunc
package developed for this purpose, evaluate the strengths and weaknesses of each approach and implement sev-
eral methodological improvements.
4. We conclude that an extension of the fourth approach that systematically explores all possible threshold val-
ues provides the most comprehensive description of multifunctionality to date. We outline this method and rec-
ommend its use in future research.
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‘You keep using that word. I do not think it means what
you think it means’. – I.Montoya, 1987
Introduction
Nearly 20 years of empirical work has clearly shown that los-
ing species can impact a wide variety of ecosystem processes
such as primary production and nutrient cycling (Balvanera
et al. 2006; Cardinale et al. 2006, 2011), and that these impacts
may equal or exceed those of many other human drivers of
environmental change (Hooper et al. 2012; Tilman, Reich &
Isbell 2012). These experiments primarily focus on biodiversity’s
eﬀect on single functions. However, accumulated evidence sug-
gests that the impact of diversity is diﬀerent, and potentially
stronger, when multiple functions are considered together
(Hector & Bagchi 2007; Gamfeldt, Hillebrand & Jonsson
2008). Here, we consider the growth and development of
research on biodiversity and multiple ecosystem function, and
how we can best evaluate how diversity simultaneously can
aﬀect ecosystem ‘multifunctionality’.
Most experiments to date have measured the impacts of
diversity loss on one or a few functions considered in isolation
(see summaries by Hooper et al. 2005; Stachowicz, Bruno &
Duﬀy 2007; Cardinale et al. 2011). For such individual ecosys-
tem processes, eﬀects of diversity generally saturate at rela-
tively low levels of species richness (see data summaries by
Cardinale et al. 2006, 2011; but see Reich et al. 2012). In
practice, society values a suite of ecosystem properties, each
of which has the potential to respond to diversity loss
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(e.g.MillenniumEcosystemAssessment 2005). It would clearly
be valuable to quantify how ongoing diversity loss simulta-
neously inﬂuences the suite of functions or services that ecosys-
tems provide and whether the eﬀect of diversity on multiple
functions is diﬀerent from its eﬀect on individual functions.
Our understanding of how diversity aﬀects ecosystem func-
tioning may be limited or even biased by the current single
function approach if trade-oﬀs or synergies among processes
are ignored.
A few empirical studies suggest that diversity may increase
the provision of several ecosystem processes simultaneously –
the so-called ‘multifunctionality’ of ecosystems – and that
eﬀects of diversity on multifunctionality may not saturate at
the low levels typical of single functions (e.g. Duﬀy, Richard-
son & Canuel 2003; Hector & Bagchi 2007). Thus, the
magnitude of diversity’s impact may be stronger when multi-
functionality is considered. Alternatively, trade-oﬀs among
diﬀerent functions could render diverse systems less capable of
providing multiple functions compared with monocultures of
particular species (Zavaleta et al. 2010; Gamfeldt et al. 2013).
The eﬀect of diversity on multifunctionality could thus be
smaller than its eﬀect on any single function. However, we
cannot assess the strength of diversity’s eﬀect on multifunc-
tionality from extant work because the few experiments
that considered how diversity aﬀects multiple functions
simultaneously have used multiple analytical frameworks to
measuremultifunctionality.
While we can deﬁne multifunctionality as the simultaneous
performance of multiple functions, how this deﬁnition is oper-
ationalizedmakes a critical diﬀerence to the conclusions drawn
from an experiment. Researchers have used four basic
approaches to explore the relationship between biodiversity
and multifunctionality (Table 1). We brieﬂy present and then
discuss them in more detail below. The simplest is the single
functions approach, which considers a collection of functions
and asks qualitatively whether more functions achieve higher
values in the diverse mixture than at lower levels of species
richness (Duﬀy, Richardson &Canuel 2003). Analysis of these
univariate responses provides information about the diversity–
multifunctionality relationship but does not provide any quan-
titative measure of multifunctionality. A second, related
method (Hector & Bagchi 2007; Isbell et al. 2011), the turnover
approach, tests whether diﬀerent sets of species promote diﬀer-
ent functions and has the potential to quantify the fraction of
species that contribute to one or more functions. Third, the
averaging approach (Hooper &Vitousek 1998) aims to collapse
multifunctionality into a single metric that estimates the
average value of multiple functions achieved in a given assem-
blage or plot. Fourth, the threshold approach (Gamfeldt, Hille-
brand & Jonsson 2008; Zavaleta et al. 2010) tallies the number
Table 1. Comparison of four approaches previously used to quantify ecosystemmultifunctionality, and the new approach recommended here. The
table summarizes what questions are addressed by each approach, what unique information is gained, what the limitations are, and references that
have used the approach. For each question in the column “Question addressed”, an answer of ‘no’ would correspond to the null hypothesis, and an
answer of ‘yes’ would correspond to a testable alternative hypothesis
Approach Question addressed Unique information Limitations References
Previous approaches
1. Single
functions
Domore functions achieve
high values in a diverse
mixture than for any
single species?
Direct information about
each individual function
Qualitative
Does not provide ametric
relating diversity and
multifunctionality
Duﬀy et al. (2003)
2. Turnover Do diﬀerent species
promote diﬀerent
functions?
Indicates whether diﬀerent
species drive diﬀerent
processes
Does not consider negative
eﬀects
Does notmeasure
multifunctionality directly
Requires extensive data
Hector&Bagchi (2007),
He et al (2009), Isbell
et al (2011)
3. Averaging Does the average level of
multiple functions increase
with the number of
species?
Indicates average diversity
eﬀect on functions
Single functions can have
large impact.
Cannot distinguish between
(i) two functions at similar
level and (ii) one function
at high level and other
function at low level
Hooper&Vitousek
(1998),Mouillot et al.
(2011),Maestre et al.
(2012a,b)
4. Single
threshold
Does the number of
functions exceeding a
threshold increase with the
number of species?
Indicates whethermultiple
functions have high value
Threshold is arbitrary
Does not indicate extent to
which threshold is
exceeded or not
Gamfeldt et al (2008),
Zavaleta et al (2010),
Peter et al. (2011)
Our approach
5.Multiple
thresholds
Does diversity inﬂuence the
level of performance of
multiple functions?
Provides ameasure of how
diversity simultaneously
inﬂuencesmultiple functions
Multiple informativemetrics
describe diﬀerent aspects of
multifunctionality
Produces a curve rather
than a single number
This paper
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of functions that quantitatively exceed some pre-deﬁned
threshold of ‘functionality’ in a given assemblage or plot.
These four approaches have primarily been applied to experi-
mental data, but have also shown utility in analysing observa-
tional studies as well (Maestre et al. 2012b).
These four approaches provide very diﬀerent means of eval-
uating the relationship between diversity and multiple ecosys-
tem functions, and they require diﬀerent assumptions and
interpretations. Each has pros and cons (Table 1). As currently
implemented, none provides a single omnibus metric of multi-
functionality. Moreover, all approaches share issues that
require consideration in estimating multifunctionality. For
example, an inherent challenge in estimatingmultifunctionality
is deciding whether a negative or positive value of a function is
considered ‘desirable’. This decision is necessary to create a sin-
gle number as an index of multifunctionality. It is also inher-
ently subjective and requires an explicit explanation of the
rationale.
In this study, we provide a critical analysis of the four exist-
ing approaches for measuring multifunctionality. We demon-
strate the insights provided by modiﬁed versions of each, and
we compare their strengths and weaknesses.We illustrate each
technique using the R package multifunc (http://github.com/
jebyrnes/multifunc; installation instructions and code for ana-
lyses in this paper are in Data S1) applied to data from the
EuropeanBIODEPTH experiment (Spehn et al. 2005), a series
of simultaneous experiments that manipulated diversity of
grassland plants at eight locations across Europe. These analy-
ses concern the relationship of species richness to function, but
there is no reason that Shannon diversity, evenness or other
measures could not be incorporated provided the researcher is
aware of their limitations or converts them into eﬀective spe-
cies richness (Jost 2006). Ultimately, we conclude that a modi-
ﬁed version of the threshold approach provides the most
comprehensive and informative approach and recommend its
use for future research. Our hope is that this analysis will pave
the way for more rigorous and consistent analyses of the inﬂu-
ence of biodiversity (or other factors) on ecosystem multifunc-
tionality.
Measuringmultifunctionality
DELINEATING FUNCTIONS
Functions observed in an ecosystem are often correlated.
These correlations can be driven by common biotic or abiotic
drivers, interactions between functions, or trade-oﬀs in the
functioning of individual organisms due to physiological traits.
In the analyses below, we make no assumption of indepen-
dence between functions. We do not make this assumption as,
simply put, we are interested in the yield of the individual func-
tions themselves. Unless two functions are the same measures
of a single phenomenon, and hence perfectly correlated, we
ﬁnd little reason to collapse functions if we are interested in
biological or service-based outcomes. Indeed, the analyses of
multifunctionality below implicitly incorporate trade-oﬀs and
synergies between functions. The analyses may ﬁnd, for
example, that high levels of multifunctionality are never possi-
ble due to interactions between functions. The biology of these
interactions requires a diﬀerent set of analyses not considered
here, but which can be accomplishedwithmore detailed system
modelling methods such as Structural Equation Modelling
(Grace et al. 2010).
In some cases, a researcher may be interested in cleanly sep-
arating orthogonal processes or collapsing a suite of functions
into a smaller number. There are a variety of techniques that
are available. One straightforward approach is for a
researcher to construct a model that shows how observed
functions are related to underlying latent unmeasured func-
tions using Conﬁrmatory Factor Analysis (Bollen 1989).
Researchers can then use factor scores instead of observed
functions for the analyses below. If a researcher has multiple
possible models of what functions underlie observed vari-
ables, multiple CFA models can be compared simply using
information theoretic techniques. Principle components
analysis (PCA) and other dimensionality reducing methods
may be used as well, but CFA allows for a researcher to
directly incorporate knowledge of how a system works into
their aggregated function measurements.
FIRST STEPS: THE SINGLE FUNCTIONS APPROACH
A simple ﬁrst pass at examining whether species diversity inﬂu-
ences multifunctionality is to qualitatively compare how diver-
sity aﬀects each of a group of functions individually. Does a
diversemixture increase the levels ofmultiple functions beyond
what the average or even the best performing single species
does? Duﬀy, Richardson & Canuel (2003) ﬁrst took this
approach that amounts to a qualitative precursor of the thresh-
old approach we describe later. That study examined how
functions in seagrass mesocosms responded to manipulation
of grazer species richness.Most functions reached their highest
levels in single-species treatments, consistent with a sampling
eﬀect. The sampling eﬀect results from high-diversity mixtures,
by incorporating a larger variety of species, having a higher
probability of including the one species that maximizes a func-
tion (Loreau &Hector 2001). In this example, diﬀerent grazers
maximized (achieved the most extreme values of) diﬀerent
functions, such that only mixtures of grazer species achieved
similarly high values of several functions simultaneously. Thus,
Duﬀy et al. concluded that multiple species were necessary to
support multiple functions simultaneously at high levels (what
they called the ‘multivariate dominance eﬀect’). In such cases,
where data for all monocultures are available, a simple
examination of single functions can provide clues as to how
diversity inﬂuencesmultifunctionality.
An example of the single functions approach: theGerman
BIODEPTH site
To demonstrate the application of the single function
approach and provide an introduction to the data set
used throughout this study, let us consider the pooled data
from both blocks of year three at the German site of the
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pan-European BIODEPTH experiment (see Spehn et al. 2005
for details). Brieﬂy, BIODEPTH was a suite of parallel exper-
iments in which eight grasslands spanning the continent of
Europe were seeded with diﬀerent numbers of plant species
drawn from local species pools. After 3 years, seven functions
were measured: above-ground biomass (i.e. standing stock,
not a measure of Net Primary Production per se), below-
ground biomass, cotton decomposition, wood decomposition,
light penetration, soil nitrogen and plant nitrogen, although
not all functions were measured at all sites. In Germany, a
subset of ﬁve ecosystem functions were measured: above-
ground biomass production, below-ground biomass, cotton
decomposition, soil nitrogen and plant nitrogen. Here, we
follow the original authors and consider greater decomposi-
tion rates and lower soil nitrogen as desirable, the latter
because it indicates greater total resource use. The directional-
ity of decomposition could diﬀer in other studies depending
on a researchers deﬁnition of function (i.e. carbon sequestra-
tion would be higher if decomposition were lower).
To examine the results for single functions, we ﬁt separate
linear models to estimate how each of the ﬁve functions
changes with species richness, rather than comparing levels of
functions in diverse communities to monoculture values
(Fig. 1; original analyses were on a log scale, but the qualita-
tive results do not diﬀer).We found clear eﬀects of species rich-
ness on two functions: above-ground biomass (F1,58 = 3591,
P < 00001) and total plant nitrogen (g N m2) (F1,58 = 1525,
P < 0001), some support for richness eﬀects on two others:
cotton decomposition (F1,58 = 291, P = 009) and soil inor-
ganic nitrogen pools sizes [nitrate + ammonium] (F1,58 = 315,
P = 008), and no eﬀect of richness on below-ground biomass
(F1,58 = 003, P = 086). In all cases but root biomass, the
trend was for species richness to increase function. In total, it
appears that diversity enhances multifunctionality in Germany
by increasing the levels of performance of more than one func-
tion (above-ground biomass and soil nitrogen). But given the
weak relationships between diversity and two of the functions,
the strength of this conclusion is ambiguous. Looking at those
functions for which we have data, a single species, the legume
Trifolium pratense, had the highest observed values for four of
the ﬁve functions, further calling this conclusion into question
(Spehn et al. 2005).
Strengths andweaknesses of the single functions approach
Should researchers perform additional analyses of relation-
ships between diversity and multifunctionality, the single func-
tions approach helps illuminate which individual processes
drive trends in multifunctionality. In the cases where there is a
strong, consistent positive or negative relationship between
diversity and all measured functions, a researcher may not
need to perform additional analyses to argue that biodiversity
aﬀectsmultifunctionality.
The single functions approach, however, cannot tell a
researcher quantitatively how diversity aﬀects multifunctional-
ity. It only provides information for a qualitative statement.
Furthermore, if some results are negative or nonlinear, even a
qualitative statement about multifunctionality may not be
straightforward. Thus, the single functions approach cannot
be used as a standalone assessment of multifunctionality.
(a)
(d) (e)
(b) (c)
Fig. 1. The relationship between species richness and the values of functions measured at the BIODEPTH Germany site (a–e). Note that original
analyses were on a log scale, but the qualitative results do not diﬀer.
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THE TURNOVER APPROACH: DO DIFFERENT SETS OF
SPECIES AFFECT DIFFERENT FUNCTIONS?
A positive link between species richness and multifunctionality
depends on either variation among species in their contribu-
tions to diﬀerent functions and/or interactions among species
that enhancemultiple functions. In cases where the single func-
tions approach suggests evidence for multifunctionality, each
function still may be driven by one or a few species (the sam-
pling or selection eﬀect sensu Aarssen 1997; Loreau & Hector
2001). The question remains whether there is ‘turnover with
respect to multifunctionality’, that is, whether diﬀerent species
are responsible for diﬀerent functions.
Estimating turnover in functional contributions requires
determining which species contribute to each function and
then assessing the redundancy of species contributions to each
function (Hector & Bagchi 2007). This involves two steps, each
of which requires careful consideration.
First, we must quantify the eﬀect of each species on each
ecosystem function by modelling the level of a given function
in each plot as a function of the presence/absence of each
species. If there is suﬃcient variation in abundances, more
continuous measures could be used. The data requirements
for such models can be high: generally they require good rep-
lication of each individual species in both monoculture and
multiple diﬀerent species mixtures across a diversity gradient.
Previous studies have used linear models without interactions
(Hector & Bagchi 2007; He et al. 2009; Isbell et al. 2011),
though allowing for interactions may more accurately cap-
ture species’ contributions to functions (Kirwan et al. 2009).
We discuss when this is appropriate, and the additional
issues raised by models with interaction eﬀects below.
Another open question is how to implement appropriate
model selection techniques to identify species that contribute
signiﬁcantly to a function. While this question is particularly
relevant to the overlap approach, it is beyond the scope of
our discussion here.
Secondly, we obtain the relationship between the number of
functions and the cumulative number of species inﬂuencing at
least one function by examining the overlap of the contributing
species (i.e. as quantiﬁed by a similarity index) for each func-
tion or combination of functions from ﬁt models. The estimate
of species turnover among diﬀerent functions is the inverse of
this overlap.
Turnover can be evaluated quantitatively by examining how
the cumulative number of species inﬂuencing ecosystem func-
tioning changes with the number of functions, via simulation
of all possible combinations of functions. At one extreme, if
each species uniquely inﬂuences one and only one function,
then the number of species promoting ecosystem function
would scale positively and linearly with the number of func-
tions with a slope of 1 (Hector & Bagchi 2007). At the other
extreme, if all ecosystem processes were inﬂuenced by the same
set of species, the slope would be zero. Previously observed
relationships lie between these two extremes, indicating that
there is some turnover in species between functions (Hector &
Bagchi 2007; Isbell et al. 2011).
Critically, the relationship between species richness andmulti-
functionality depends on the relative proportion of positive and
negative eﬀects of species and the sizes of those eﬀects. To date,
the turnover approach has only been applied to species with a
positive eﬀect on an ecosystem function (Hector & Bagchi 2007;
He et al. 2009; Isbell et al. 2011). However, some species could
also have negative eﬀects, reducing the rate of some functions.
Including such eﬀects can have large implications for how diver-
sity inﬂuences ecosystemmultifunctionality. Species equally bal-
ancing the strength of their positive and negative contributions,
havingmore positive than negative contributions, or one species
disproportionately dominating the positive or negative eﬀects
across functions are all hypotheses that must be tested in order
to understand the mechanisms underlying relationships between
biodiversity andmultifunctionality.
To integrate the overlapping eﬀects of both positive and nega-
tive contributions, we propose two additional analyses. First, we
suggest a test for correlation between the number of signiﬁcantly
positive and signiﬁcantly negative eﬀects of a species on diﬀerent
ecosystem functions. This estimates the potential for trade-oﬀs
among functions and whether species have predominantly
positive or negative eﬀects on ecosystem functions. Secondly,
investigators can estimate the impact of trade-oﬀs more quanti-
tatively by examining the relationship between the average
standardized positive eﬀect size of a species on all functions it
aﬀects and the average standardized negative eﬀect size of a spe-
cies on all functions it aﬀects, drawn from the statistical ﬁts
developed in the ﬁrst step, above. By standardized, we refer to
standardized regression coeﬃcients where rxy = b * sdx/sdy. This
indicates whether species have quantitatively similar positive
and negative eﬀects on those functions they impact. By combin-
ing these two relationships, we can infer whether positive and
negative eﬀects cancel each other out or whether one type is
dominant. For example, if species have predominantly positive
eﬀects on diﬀerent functions and the strengths of positive eﬀects
are greater on average than those of negative eﬀects, then turn-
over of species likely contributes to a positive relationship
between biodiversity and ecosystemmultifunctionality.
An example of the turnover approach
Returning to the BIODEPTH example from Germany, we
applied a stepwise AIC model selection approach to ﬁt linear
additive models to each function to obtain the minimally
adequate set of species aﬀecting each function, as in Hector &
Bagchi (2007). We then examined the relationship between the
number of functions and the cumulative fraction of the species
pool that had a positive or negative eﬀect on those functions
(Fig. 2). As the number of functions considered increases, a
larger cumulative fraction of species had a positive eﬀect on at
least one of the functions in the set. The relationship appears to
approach saturation as the number of functions increases
(i.e. at ﬁve functions). For the average single function, roughly
194% of the planted species pool (note, other analyses have
used observed species pool) had a signiﬁcant positive eﬀect and
148% had a negative eﬀect. When all ﬁve functions were con-
sidered, roughly 54% of species contributed positively and
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48% contributed negatively to the set of functions. These two
results suggest that there is substantial functional uniqueness
among the species that aﬀect the functions in the BIODEPTH
Germany site – both positively and negatively.
The net eﬀect of diversity on multifunctionality depends on
the balance of positive and negative eﬀects by species. We
found that as the number of positive eﬀects that a species had
on ecosystem functions increased, so did the number of nega-
tive eﬀects (Fig. 3a, Spearman rank correlation = 047,
t1,29 = 193 P = 0006). Similarly, as positive eﬀect sizes
increased, so did negative eﬀect sizes, suggesting trade-oﬀs of
species eﬀects on diﬀerent ecosystem functions (correlation
between the average positive and negative eﬀect sizes of spe-
cies: Spearman rank correlation = 075, t1,29 = 414,
P < 0001). However, eﬀect sizes of positive eﬀects tended to
be larger than eﬀect sizes of negative eﬀects (Fig. 3b, deviation
from a 1 : 1 line, t = 296, d.f. = 30, P = 00059), suggesting
that as more species are added, there will be a net gain inmulti-
functionality. Note, however, that the deviation here is driven
largely by one species, Crepis biennis. With that species
removed, the deviation of positive and negative eﬀect sizes
from the 1 : 1 line becomes non-signiﬁcant (P = 0691), indi-
cating no net eﬀect of adding more species to the community.
Thus, it is diﬃcult to say from the overlap analysis alone
whether diversity is strongly linked to actual levels of multi-
functionality in theGermanBIODEPTH site.
Strengths andweaknesses of the turnover approach
The turnover approach provides away to evaluate whether dif-
ferent sets of species drive diﬀerent functions. The biggest
strength of this approach is that it identiﬁes which species have
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Fig. 2. The relationship between the number of functions considered
and the fraction of the species pool having either (a) positive or (b) neg-
ative eﬀects on ecosystem functions. Points for each combination of
functions are overlaid on top of a box andwhisker plot providingmedi-
ans and interquartile ranges. Points have been jittered along the x-axis
so that combinations with overlapping values can be seen.
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Fig. 3. The relative balance of positive and negative contributions of
species. Each point is a species. Note, all points have been jittered in
order to see overlapping data points. The relationship between (a) total
number of positive and negative contributions of species to diﬀerent
ecosystem functions. Panel (b) shows the relationship between the
average positive eﬀect and the average negative eﬀect of each species.
The dashed line is a 1 : 1 relationship. Shaded areas show the 95%
CI of the ﬁt.
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positive, negative or neutral eﬀects for each function and tests
whether these sets diﬀer among functions. By generalizing this
approach to examine the balance of positive and negative
eﬀects, we can more accurately determine how diﬀerent func-
tions depend on diﬀerent species, and whether such diﬀerences
can explain observed eﬀects of diversity onmultifunctionality.
The turnover approach has several shortcomings, however.
It provides no quantitative estimate of the extent to which
changes in species richness inﬂuence multifunctionality. If this
approach unambiguously demonstrates greater positive than
negative species’ eﬀect sizes across species and functions, then
increasing diversity will increase multifunctionality in the sys-
tem. But the turnover approach does not measure multifunc-
tionality per se.
Furthermore, the turnover approach has two stringent data
and analytic requirements necessary for interpretation. First,
the relationships between diversity and individual functions
should have similar sign and form; if they diﬀer strongly,
results from the turnover approach can be diﬃcult to interpret.
Second, estimating individual species eﬀects requires designs
that include each species in a variety of compositional treat-
ments so that variable selection techniques can determine
which species are important. Since many current biodiversity–
ecosystem function experiments consist solely of monocultures
and a single mixture treatment, they may not be amenable to
analysis using the turnover technique. Even when data are
available to estimate eﬀect sizes of individual species, if species
interact (e.g. the eﬀect of species A changes in the presence of
species B, as through competition or facilitation), the modelled
eﬀect sizes could be inaccurate.Models that include such inter-
actionsmay better estimate species’ eﬀect sizes, but also require
even more data (Kirwan et al. 2009). For these reasons, we
recommend that researchers exercise caution when and where
they utilize the turnover approach.
THE AVERAGING APPROACH: WHAT IS THE AVERAGE
EFFECT OF CHANGING DIVERSITY ON MULTIPLE
ECOSYSTEM FUNCTIONS?
A simple technique for summarizing ecosystem multifunction-
ality involves averaging standardized values of multiple func-
tions into a single index. This averaging approach was ﬁrst
suggested as an index of ‘relative resource use’ (Hooper &
Vitousek 1998) to summarize the depletion of multiple types of
nutrients by a plant assemblage for comparison across plots
with diﬀerent richness of plant functional groups. This averag-
ing approach represents the ﬁrst attempt at a measurement of
multifunctionality in the diversity-function literature. Its
simplicity has led others to use it as well (Mouillot et al. 2011;
Maestre et al. 2012a,b).
The general application of the technique is straightforward.
For each function measured, standardize the values to have
the same scale. For functions where negative values indicate
higher levels of function (e.g. low soil nitrate equates to high
resource use by plants), values should be ‘reﬂected’ to appear
on the same scale before standardizing. An index of average
function is then created by taking the mean value across all
functions in a plot. This averaged multifunctionality index
(MFa) for a plot can be expressed as
MFa ¼ 1
F
XF
i¼1
g riðfiÞð Þ eqn 1
where F is the number of functions being measured, fi are the
measures of function i, ri is a mathematical function that
reﬂects fi to be positive, if deemed necessary (see Discussion in
the introduction), and g is a transformation to standardize all
measures of function to the same scale. For functions that need
to be reﬂected, ri(fi) can take the form of fi + max(fi) or just
fi, depending on considerations based on standardization
functions discussed below. More complex types of averaged
indices (e.g. taking into account variances and geometric
means) are of course also possible.
Once any necessary reﬂections have been done so that all
functions are in the desired direction, the values for each func-
tion must be standardized before averaging to remove the
eﬀects of diﬀerences in measurement scale between functions.
There are a wide variety of standardization methods, all of
which yield similar results (Maestre et al. 2012b). The two
most common are the z-transformation (Mouillot et al. 2011;
Maestre et al. 2012b) and a standardization by a maximum
observed value (Hooper & Vitousek 1998; Maestre et al.
2012a). While z-transforming functions may improve their
properties for analysis using traditional linear statistics (Maes-
tre et al. 2012b), we recommend standardizing by a chosen
maximum value as we have done here. We make this recom-
mendation both because (i) researchers may want to move
beyond linear models and (ii) standardizing the scale of a mul-
tifunctional index by a maximum value creates a metric that is
intuitively interpretable: the proportion of maximum multi-
function achieved by a single plot. We recognize that using a
maximum value for standardization has some problems (e.g.
sensitivity to outliers). See the thresholding approach below
for several alternative ways of determining amaximum.
After standardizing the measured values of each function
within an individual experimental plot, we take the average of
these transformed values for each plot. Note that equation 1
assumes that all functions are weighted equally in calculating
the averaged multifunction index. Alternate weightings are
also possible, which may be desirable in applied management.
For example, if biomass production is deemed twice as
important as decomposition for land management, a weighted
averaged index may be preferable. In either case, the index can
be used to assess how the average level of multiple ecosystem
functions changes with diversity.
An example of the averaging approach
First, we identify those functions from theGermanBIODEPTH
data for which lower values are considered positive con-
tributions to ecosystem functioning and reﬂect them by multi-
plying by 1 (eqn 1). We reﬂected values of soil nitrogen, as
low values indicate greater resource capture or greater
mobilization of N from the soils despite loss to leaching
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(Scherer-Lorenzen et al. 2003). We also added the unreﬂected
maximum to this function so that the lowest level of trans-
formed function is 0 as discussed above. We then divided each
function by its maximum value to scale all functions such that
the maximum possible value is 1. Finally, we created the
multifunctionality index by taking the unweighted average of
all ﬁve functions.
A linear model shows that plant richness positively aﬀects
average function, MFa at the German BIODEPTH site
(Fig. 4, Diversity F1,22 = 22554, P < 0001, slope esti-
mate = 00133  00028 SE). This is interpreted to mean that
for every species added to the system, the average value across
all functions increases by roughly 1% of its maximum value.
This averaging approach suggests that species richness
increases multifunctionality in the German site. However,
without combining this approach with the single function
analysis, we cannot saywhether this result is driven by diversity
aﬀecting one, two or all of the observed functions. Thus, there
is still substantial ambiguity as to whether this is a representa-
tivemeasure of multifunctionality on its own.
Strengths andweaknesses of the averaging approach
The averaging approach provides a seemingly intuitive way to
assess changes in several ecosystem functions simultaneously.
Its interpretation – change in the average level of a suite of eco-
system functions – is clear. Very high levels of the MFa index
(e.g. near 1) unambiguously mean that many functions are
simultaneously achieving high levels of performance. But the
averaging approach only provides clearly interpretable results
at high values of MFa. In such cases, most functions must be
performing at high levels. At intermediate values ofMFa, how-
ever, it is not possible to distinguish betweenmultiple functions
performing at intermediate values from some performing at
high values while others perform at low values. Although
the averaged index values are equal in the two cases, we
would interpret them in very diﬀerent ways with respect to
multifunctionality. Secondly, at very low values of MFa, we
cannot distinguish the case where a treatment has no eﬀect on
either of two functions from the case where diversity has a posi-
tive eﬀect on one function and a negative eﬀect on the other.
Thus, it is necessary to look at both the single function andMFa
curves separately to discern the underlying relationship between
biodiversity and multifunctionality. Finally, in practical terms,
we may often not view diﬀerent functions as substitutes, mean-
ing that a decrease in one function cannot be compensated by
an increase in another (Gamfeldt,Hillebrand& Jonsson 2008).
THE THRESHOLD APPROACH: ARE MULTIPLE SPECIES
NEEDED TO MAXIMIZE MULTIPLE FUNCTIONS?
To remedy the weaknesses of the averaging approach, we need
to evaluate whether multiple functions are simultaneously per-
forming at high levels. This is accomplished by the threshold
approach. In the biodiversity–multifunctionality literature,
previous eﬀorts to accomplish this have tallied the number
of functions that simultaneously surpass some threshold
(Gamfeldt, Hillebrand & Jonsson 2008; Zavaleta et al. 2010;
Peter et al. 2011), generally by creating an index of the number
of functions surpassing the threshold in each experimental plot
or unit (Zavaleta et al. 2010).
To calculate the threshold-based index of multifunctional-
ity,MFt, one-ﬁrst needs to deﬁne a threshold. This threshold is
normally some percentage of the maximum observed value of
each function. Other biologically ormanagement-related refer-
ence values can also be used. Diﬀerent thresholds can even be
used for diﬀerent functions. The maximum approach raises
two questions. First, what value should be used as the ‘maxi-
mum’ for an experiment? Secondly, what is the appropriate
percentage of that maximum? For the ﬁrst question, the high-
est observed value for a function could be taken as an estimate
of the highest attainable value, but because it is necessarily a
single observation, it could also be an outlier due to observa-
tion error, process noise, or other factors. The chance of using
a spuriously highmaximum value can be reduced by averaging
multiple values to estimate the maximum. Here, we use the
mean of the n + 1 highest measurements of a function across
all richness levels in an experiment as ourmaximum, where n is
the smallest sample size of a single richness treatment level. An
alternative approach is to deﬁne the maximum by some arbi-
trary subset, say the top 5%, of all plots (Zavaleta et al. 2010)
or some relevantmanagement target.
Oncewe have settled on amaximumvalue for each function,
we next must decide on the appropriate proportion of that
maximum value for each function to serve as our threshold
value, ti, to create a threshold index for a single individual plot:
MFt ¼
XF
i¼1
riðfÞi[ ti
 
eqn 2
where F is the total number of functions and fi is the value for
function i in a given plot, which may be reﬂected as discussed
in previous sections (using the mathematical function ri). Note
that, as with the averaging approach, functions may need to be
reﬂected to appropriately capture the desired direction of
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Fig. 4. The relationship between the species richness and the average
of the standardized value of functions (MFa) measured at the BIO-
DEPTH Germany. Slope estimate = 00133  00028 SE, Diversity
F1,22 = 22554,P < 0001,R2 = 036.
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eﬀects. However, we are using raw values of function for the
calculation, rather than scaled values from the averaging
approach. From this equation, we can see that the choice of
threshold will inﬂuence the value of the resulting index, and we
anticipate that diversity will have a stronger association with
multifunctionality at some choices of threshold than at others.
If a researcher chooses a single threshold, they must justify the
selection for a reason relating to their research question. We
return to this issue in the section on the multiple threshold
approach below.
An example of the threshold approach
For the ﬁve functions measured at the German BIODEPTH
site, we assessed multifunctionality at an arbitrarily chosen
threshold of 80% of each function, using as the maximum
value themean of the seven highest observations for each func-
tion (n = 6 for the 16 species polyculture). We ﬁrst calculated
the number of functions performing at or above 80% of this
maximum in each plot. We then ﬁtted a generalized linear
model with a quasipoisson error to estimate a linear relation-
ship predicting the number of functions performing at or
above their threshold as a function of planted species richness.
We selected this model after considering a number of issues
regarding using count data and the model’s functional form,
both of which can be inﬂuenced by the goals of the analysis
and the experimental design (Data S2) and can diﬀer between
experiments.
We evaluated the ﬁt of our model regressing multifunction-
ality on species richness in two ways. First, we performed an F
test to show that the inclusion of species richness provided a
better ﬁt than a model with only an intercept (F = 159,
d.f. = 1, P < 0001). Second, we estimated the coeﬃcient
describing the relationship between species richness and
multifunctionality (the number of functions reaching at least
80% of maximum) as 0113  0033 SE, which is strongly
supported as being diﬀerent from zero (t = 342, P = 0001).
This coeﬃcient estimate means, roughly, that ten additional
species are needed to bring one more function above our cho-
sen threshold at theGermany site.
Does the strength of the diversity eﬀect on multifunctional-
ity change with the choice of threshold? One might expect that
diversity has a stronger eﬀect as higher thresholds are imposed,
that is, thatmore species are needed tomaintain a suite of func-
tions at high thresholds. To evaluate this question, we ﬁrst cal-
culated MFt (equation 2) using 20%, 40%, 60% and 80% as
our threshold values. Diversity positively aﬀected the number
of functions exceeding threshold at values of 40 and 60%. In
contrast, the relationship between richness and MFt became
ﬂatter at higher threshold values, and the intercept was lower
(Fig. 5), where few functions exceeded the threshold at any
level of diversity. The relationship was also relatively ﬂat at
low threshold values but the intercept was higher, where nearly
all functions achieved the threshold. The threshold approach
shows that diversity inﬂuences multifunctionality at the Ger-
man BIODEPTH site, but that the strength of this relationship
is sensitive to the choice of threshold value.
Strengths andweaknesses of the threshold approach
Assessing multifunctionality at the plot level with a threshold-
based approach provides a powerful, ﬂexible method. It
captures the number of functions performing well even in the
presence of trade-oﬀs and correlations among functions. For
example, if one function is always maximized when another is
minimized, then this trade-oﬀ will be clear because the number
of functions greater than a threshold will never equal the total
number of functions measured. The threshold approach can
also be used whether the relationship between diversity and
individual functions is linear or nonlinear.
The coeﬃcient describing the relationship between diversity
and number of functions reaching a threshold has a clear
Fig. 5. The relationship between planted spe-
cies richness andmultifunctionality, deﬁned as
number of function reaching a threshold of
some percentage of the maximum observed
function. Panels show the relationship for four
diﬀerent thresholds (20%, 40%, 60%, and
80% of maximum) in plots in the German
portion of the BIODEPTH experiment.
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interpretation. If a linear function is ﬁtted, the slope represents
the change in number of functions meeting threshold per spe-
cies added or subtracted. If, on the other hand, the relationship
is exponential (i.e. log(MFt) is a linear function of richness),
then the slope can be easily transformed: erichness1 is approxi-
mately the proportional change in function per change in num-
ber of species. Last, in the unusual event that a researcher can
measure every unique function of interest in a system (e.g. in a
speciﬁc management application), logistic regression can be
used to estimate a coeﬃcient that is interpreted as the log odds
ratios of including a new function per species added or sub-
tracted. If only some are measured, the relationship may not
be asymptotic within the bounds of the number of functions
measured.
Despite these advantages, the single threshold approach is
not a perfect measure of multifunctionality for at least three
reasons. First, the choice of threshold is arbitrary. Second, the
magnitude of each function is captured imperfectly and only
indirectly as the threshold changes. For example, even if multi-
ple functions pass a threshold value, MFt does not reveal
whether they pass by a small or large margin. Finally, examin-
ing only a single threshold value may miss some critical value
at which diversity has its strongest impact. Conversely, choos-
ing a threshold based on diversity’s strongest eﬀect involves
circular reasoning and should be avoided.We lose information
with this approach either way.
THE MULTIPLE THRESHOLD APPROACH TO EVALUATING
DIVERSITY EFFECTS ON MULTIFUNCTIONALITY
If the choice of an arbitrary threshold can obscure diversity’s
role in inﬂuencing multifunctionality, what is the solution?
The changing slope of MFt on species richness at diﬀerent
thresholds (Fig. 6) suggests a solution to the problem of
arbitrary thresholds and a method of more fully examining the
ﬁngerprint of diversity on multifunctionality. This involves
plotting the eﬀect of diversity on multifunctionality (MFt)
across the full range of thresholds between 0% and 100%.We
take this approach in order to examine the change of the shape
of the ﬁtted curve at diﬀerent thresholds, rather than evaluating
the statistical evidence for any single curve.
A systematic examination of this distribution provides an
information-rich picture of how diversity inﬂuences multifunc-
tionality. Plotting threshold choice (x) against slope ofMFt on
richness (y) reveals multiple pieces of information about how
diversity inﬂuences multifunctionality, not limited to just the
maximum eﬀect of diversity (slope) and the threshold at which
this eﬀect is achieved (Fig. 7). The curves in Figs 6 and 7
provide a proﬁle of the eﬀect of diversity onmultifunctionality.
These curves provide several key metrics that can help us
understand the relationship between diversity and multifunc-
tionality via examining multiple threshold choices. Four
metrics in particular give us key information about the how
diversity can inﬂuencemultifunctionality:
• Minimum Threshold (Tmin): The lowest threshold where
diversity begins to have an eﬀect (i.e. a slope that is signiﬁcantly
greater than or less than 0). This indicates the percentage of
maximal functioning at which multifunctionality becomes
inﬂuenced by changes in species richness.
• Maximum Threshold (Tmax): The value of the threshold
beyond which the slope ﬁrst declines to be not signiﬁcantly
diﬀerent from zero. This measures the upper threshold beyond
which diversity has no eﬀect onmultifunctionality.
• Threshold of Maximum Diversity Eﬀect (Tmde): The value
of the threshold where diversity has its strongest positive or
negative eﬀect (i.e. most extreme slope values on the y axis),
Fig. 8d–f.
• RealizedMaximum Eﬀect of Diversity (Rmde): The strength
of the relationship (i.e. slope) where diversity has its strongest
positive and/or negative eﬀects (i.e. calculated at Tmde)
Fig. 6. The relationship between planted spe-
cies richness and the number of functions at or
above a threshold of some percentage of the
maximum observed function. Colors indicate
diﬀerent thresholds as shown in the ﬁgure leg-
end with cooler colors denoting lower thresh-
olds and warmer colors denoting higher
thresholds.Data are from theGerman portion
of the BIODEPTH experiment.Tmin is the line
with the lowest threshold whose slope is diﬀer-
ent from 0. Tmde is the line with the steepest
slope. Tmax is the line at the highest threshold
where the slope is diﬀerent from 0. All indices
preceded by M indicate the number of func-
tions for the corresponding curves.
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indicates the maximum observed eﬀect size of species richness
on number of functions surpassing the threshold.
We can conclude that diversity is a strong driver of multi-
functionality if Tmin is low, Tmax is high and both Tmde and
Rmde are likewise high. These metrics do not tell the complete
story, of course. Additional metrics can provide more nuance
to our interpretation of how biodiversity inﬂuences multifunc-
tionality. This nuance may be ideal for examining how
biodiversity inﬂuences multifunctionality in a single system,
but less informative when comparing across systems and
experiments. There, researchers will be able to draw more gen-
erality by including system-speciﬁc biotic and abiotic variables
as covariates in an analysis of the aforementioned metrics.
Thesemetrics are as follows:
• Minimum Diversity-Independent Multifunction (Mmin):
The number of functions achieving the threshold at Tmin. In
combination with Tmin, this indicates whether, independent of
diversity, the system has low or high baseline multifunctional-
ity, and thus how much inﬂuence diversity can have relative to
a baseline.
• MaximumDiversity-IndependentMultifunctionality (Mmax):
The number of functions achieving the threshold at Tmax. This
measures the number of functions that are able to achieve high
levels of performance in a system simultaneously.
• Diversity-Maximized Multifunctionality (Mmde): The num-
ber of functions achievingTmde at the highest level of diversity.
• Percentage of maximum possible diversity eﬀect (Pmde): The
slope of Rmde can be compared with the maximum possible
slope of the relationship for the design of the experiment,
which is simply the number of functions divided by highest
number of species used in the experiment. Pmde gives the per-
centage of the maximum possible relative importance of diver-
sity formultifunctionality realized in this experimental system.
An example of themultiple threshold approach
Examining the relationship between threshold choice and slope
of the diversity-MFt relationship shows that in Germany,
diversity had a moderate impact on multifunctionality (Fig. 6,
Table 2). The 95% conﬁdence intervals around the estimated
slopes reveal whether the estimates overlap 0, giving a test of
the threshold values at which diversity has no eﬀect on multi-
functionality. ForGermany, the relationship peaks at a thresh-
old of 50% (Tmde) with a slope of roughly 017 functions added
per species (Fig. 7). However, species richness is positively
related to multifunctionality (MFt) at thresholds between
roughly 15% (Tmin) and 98% (Tmax). For a sense of scale of
the strongest eﬀect of diversity, we note that for the German
BIODEPTH experiment’s range of diversity levels (1–16 spe-
cies) and number of functionsmeasured (5), themaximumpos-
sible slope of the relationship between species richness and the
number of functions greater than a threshold is c. 0312 (i.e. 5/
16). At its strongest, diversity thus has 54% (Pmde) of themaxi-
mum possible eﬀect on multifunctionality within the design of
this experiment. Diversity could not simultaneously drive all
functions to their maxima. That is, while diversity did increase
multifunctionality in this system above values seen inmonocul-
tures and had signiﬁcant positive eﬀects even at high threshold
values (90–95%), the decreasing slope at higher thresholds
indicates that high species richness did not guarantee that all
functions performed at their highest levels. Indeed, from
Fig. 6,Mmax ~ 1 species. Thus, diversity has a moderate eﬀect
onmultifunctionality based on our criteria above.
We can further illustrate the value of the multiple threshold
approach by comparing metrics of diversity eﬀects on multi-
functionality across sites in a comparative context. Here, we
compare three other BIODEPTH sites: Portugal, Sweden and
Sheﬃeld (Fig. 8, Table 2) as they show three contrasting pat-
terns. In Portugal, diversity had a small positive eﬀect on mul-
tifunctionality (MFt) at low threshold values but none at
moderate-to-high thresholds. Thismeans that increasing diver-
sity could promote multifunctionality only if low thresholds of
functioning were suﬃcient. The eﬀects of diversity on multi-
functionality in Portugal are weak. In Sweden, by contrast,
diversity drove multiple functions to moderate levels at low-to-
medium thresholds but had no eﬀect at high thresholds
(Tmax = 73%). Pmde was roughly equivalent to Germany
(53%) as was Mmax (c. 22 species) although at a lower
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Fig. 7. The slope of the relationship between
planted species richness and the number of
functions at or above a threshold of some pro-
portion of the maximum observed function, at
diﬀerent threshold values (x-axis). Points are
the ﬁtted values and shading indicated1 CI.
Data are from the German portion of the
BIODEPTH experiment. Tmin is the slope
with the lowest threshold that is not from 0.
Tmde is the threshold with the steepest slope.
Tmax is the maximum threshold where the
slope again becomes no diﬀerent from 0.Rmde
shows themaximum slope estimated atTmde.
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threshold. Thus, Sweden has a moderate eﬀect of diversity on
multifunctionality, similar to Germany. Finally, at Sheﬃeld,
diversity had a clear positive eﬀect on multifunctionality. Tmde
was at 83% and Tmax was at 95%. Even at Tmax, nearly three
functions were still performing well, and nearly four at Tmde.
Multiple functions were simultaneously driven to high levels of
performance by increasing plant richness.
As shown in the above examples, by putting these metrics
together, with the ﬁgures showing the relationships between
diversity and number of functions above thresholds (Fig. 8),
we gain a full picture of how diversity is driving multifunction-
ality: it is weak in Portugal, moderate in Sweden andGermany,
and strong in Sheﬃeld.
Strengths andweaknesses of themultiple threshold
approach
The suite of metrics generated by the multiple threshold
approach provide powerful information for analysing multi-
functionality, especially when combined with analyses of the
relationship between diversity and single functions. Report-
ing these metrics for other studies should also prove useful
for future meta-analyses that will allow a quantitative evalu-
ation of the nature and extent of multifunctionality in eco-
systems. The multiple threshold approach provides more
information and ﬂexibility than any other approach we have
reviewed. Overall, the relationship between threshold and the
Table 2. Values for indices generated bymultiple threshold approach tomultifunctionality fromanalyses forGermany, Portugal, Sweden, and Shef-
ﬁeld. The characters– indicates a value that could not be calculated (e.g., there is no maximum value where the relationship between diversity and
number of functions again becomes 0). Deﬁnitions of indices are in the text
Location Nfunc Tmin Tmax Tmde Rmde Pmde Mmin Mmax Mmde
Germany 5 15% 97% 50% 016 5279% 506 114 447
Portugal 6 9% 49% 32% 022 5080% 610 411 644
Sweden 6 – 73% 46% 027 5353% – 220 478
Sheﬃeld 4 58% 95% 83% 019 5839% 426 271 389
Fig. 8. Multifunctionality analyses at multiple BIODEPTH sites. Panels a–c show the relationships between planted species richness and the num-
ber of functions above a threshold for multiple diﬀerent threshold values. Colors indicate diﬀerent thresholds as shown in the legend for Fig. 6
(blue = low, red = high) with cooler colors denoting lower thresholds and warmer colors denoting higher thresholds. Panels d–f show the corre-
sponding relationship between threshold value and slope of the relationship between planted species richness and the number of functions reaching a
threshold. Points are the ﬁtted values and shading indicates1 CI.
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inﬂuence of diversity on the number of functions above that
threshold provides the ﬁngerprint of diversity’s inﬂuence on
multifunctionality. The multiple threshold approach provides
a nuanced view of multifunctionality that allows for direct
comparison among experiments and among treatments
within an experiment.
The two signiﬁcant weaknesses we see with this approach
are that it provides (i) a suite of metrics rather than a single one
and (ii) phenomenological rather than mechanistic informa-
tion. To answer the ﬁrst, we have concluded that the inherently
complex relationships between changing biodiversity and eco-
system functioning are diﬃcult to capture in a single metric.
To answer the second, any analysis of multifunctionality must
be coupled with analysis of diversity’s impact on single func-
tions – or even the impact of key species – to fully understand
the mechanisms underlying the observed patterns of diversity
eﬀects onmultifunctionality.
Conclusions
Understanding how changing biodiversity inﬂuences the broad
suite of processes that ecosystems perform is not simple. Here,
we compared the most common approaches used to character-
ize multifunctionality. While we have used experimental data
as our example, there is no reason that these techniques could
not be applied to observational data. Threshold-based
approaches and averaging-based approaches merely provide a
method for deriving a new response variable from any mea-
sured plot. Overlap approaches, if provided with a data set
varying widely enough in composition, should work as well for
observational data. Our analysis shows that systematically
exploring how diversity aﬀects multiple functions across the
full range of possible thresholds provides an informative ‘ﬁn-
gerprint’ of diversity eﬀects on multifunctionality. The multi-
ple threshold approach provides the most complete and
unambiguous summary of the relationships between biodiver-
sity and multifunctionality to date. It addresses many of the
ambiguities and problems of previousmethods.
Our analysis has focused on how to summarize information
regarding the eﬀects of species richness on multiple ecosystem
processes eﬃciently and accurately. But understanding multi-
functionality mechanistically still requires that such analyses of
multifunctionality be complementedwith analysis of the eﬀects
of species richness on individual functions. Moreover,
researchers will need to understand whether functions interact
with one another, leading to positive or negative correlations
between functions that are not driven solely by diversity or spe-
cies composition (e.g. carbon storage and detritivore driven
nutrient recycling). The approaches presented here are not the
only available analytic tools. Although beyond the scope of
our discussion, other approaches such as Structural Equation
Modelling (Grace et al. 2010) are potentially promising for
incorporating trade-oﬀs, feedbacks and other interactions
among functions in a more explicit mechanistic manner. As
BEF experiments often include a large number of experimental
units (e.g. allmonocultures andone ormore polycultures),many
studies meet its high sample size requirements. Furthermore,
knowledge of trade-oﬀs and correlations between functions
as elucidated by SEM, or even an examination of the correla-
tion matrix of functions, will be crucial to develop a mechanis-
tic understanding of why diversity does or does not aﬀect
multifunctionality.
Similarly, extrapolating statistical estimates of individual
species eﬀects and interactions to simulate and explore
untested species compositions may be useful in more thor-
oughly investigating eﬀects of diversity on multifunctionality.
This latter approach can be particularly promising in the pres-
ence of complex nonlinearities and species interactions. How-
ever, again, knowledge of trade-oﬀs and interactions between
functionsmay be a key to accurate simulations.
The ﬁeld of biodiversity and ecosystem multifunctionality is
still relatively data poor compared with explorations of biodi-
versity eﬀects on single ecosystem functions. In no small part,
this is due to the complex issues generated by the analysis of
multifunctionality, the eﬀort to conduct experiments with
many levels of species richness, and the diﬃculty of measuring
more than a handful of functions. These logistical issues are
surmountable. What is important, now, is to use a common
analytical framework to better enable comparisons among
experiments as more information becomes available. With
results of our comparative analysis in hand, we hope that use
of the tools and techniques outlined here and implemented in
themultifunc package for Rwill assist in amassing a solid body
of data, amenable to investigation of overall trends and under-
lying mechanisms. We look forward to seeing the ﬁeld
advance.
Acknowledgements
This work resulted from the NCEAS working group ‘Biodiversity and the Func-
tioning of Ecosystems: Translating Results from Model Experiments into Func-
tional Reality’. Support for NCEAS comes from University of California Santa
Barbara and the National Science Foundation. We thank three anonymous
reviewers for their comments. P. Balvanera, K Matulich and A. Paquette pro-
vided valuable feedback on earlier drafts. J.E.K.B. was supported by a postdoc-
toral fellowship at NCEAS. J.E.D. had support fromNSFOCE-1031061; B.J.C.
had support from NSF DEB-1046121; L.G. was supported by grant 621-2009-
5457 from the SwedishResearch Council VR.AHector was supported byMicro-
soft Research Cambridge UK. L. Dee was supported by a NSF GRFP DGE-
1144085.
References
Aarssen, L.W. (1997) High productivity in grassland ecosystems: eﬀected by
species diversity or productive species?Oikos, 80, 183–184.
Balvanera, P., Pﬁsterer, A.B., Buchmann,N.,He, J.-S.,Nakashizuka, T., Raﬀael-
li, D. & Schmid, B. (2006) Quantifying the evidence for biodiversity eﬀects on
ecosystem functioning and services.Ecology letters, 9, 1146–1156.
Bollen, K.A. (1989) Structural Equations with Latent Variables. Wiley, NewYork
City, NewYork.
Cardinale, B.J., Srivastava, D.S., Duﬀy, J.E.,Wright, J.P., Downing, A.L., Sank-
aran,M. & Jouseau, C. (2006) Eﬀects of biodiversity on the functioning of tro-
phic groups and ecosystems.Nature, 443, 989–992.
Cardinale, B.J.,Matulich, K.L., Hooper, D.U., Byrnes, J.E., Duﬀy, E., Gamfeldt,
L., Balvanera, P., O’Connor,M.I. &Gonzalez, A. (2011) The functional role of
producer diversity in ecosystems.American journal of botany, 98, 572–592.
Duﬀy, J.E., Richardson, J.P. & Canuel, E.A. (2003) Grazer diversity eﬀects on
ecosystem functioning in seagrass beds.Ecology letters, 6, 637–645.
Gamfeldt, L., Hillebrand, H. & Jonsson, P.R. (2008) Multiple functions increase
the importance of biodiversity for overall ecosystem functioning. Ecology, 89,
1223–1231.
© 2013 The Authors. Methods in Ecology and Evolution © 2013 British Ecological Society, Methods in Ecology and Evolution, 5, 111–124
Biodiversity and ecosystem multifunctionality 123
Gamfeldt, L., Sna¨ll, T., Bagchi, R., Jonsson, M., Gustafsson, L., Kjellander, P.,
et al. (2013) Higher levels of multiple ecosystem services are found in forests
withmore tree species.Nature Communications, 4, 1340.
Grace, J.B., Anderson, T.M., Olﬀ, H. & Scheiner, S.M. (2010) On the speciﬁca-
tion of structural equation models for ecological systems. Ecological Mono-
graphs, 80, 67–87.
He, J.Z., Ge, Y., Xu, Z. & Chen, C. (2009) Linking soil bacterial diversity to eco-
system multifunctionality using backward-elimination boosted trees analysis.
Journal of Soils and Sediments, 9, 547–554.
Hector, A. & Bagchi, R. (2007) Biodiversity and ecosystem multifunctionality.
Nature, 448, 188–190.
Hooper, D.U.&Vitousek, P.M. (1998) Eﬀects of plant composition and diversity
on nutrient cycling.EcologicalMonographs, 68, 121–149.
Hooper, D.U., Chapin, F.S.I., Ewel, J.J., Hector, A., Inchausti, P., Lavorel, S.
et al. (2005) Eﬀects of biodiversity on ecosystem functioning: a consensus of
current knowledge.EcologicalMonographs, 75, 3–35.
Hooper, D.U., Adair, E.C., Cardinale, B.J., Byrnes, J.E.K., Hungate, B.A.,
Matulich, K.L. et al. (2012) A global synthesis reveals biodiversity loss as a
major driver of ecosystem change.Nature, 486, 105–108.
Isbell, F., Calcagno, V., Hector, A., Connolly, J., Harpole, W.S., Reich, P.B.
et al. (2011) High plant diversity is needed to maintain ecosystem services.
Nature, 477, 199–202.
Jost, L. (2006) Entropy and diversity.Oikos, 113, 363–375.
Kirwan, L., Connolly, J., Finn, J.A., Brophy, C., Lu¨scher, A., Nyfeler, D. &
Sebastia`,M.T. (2009)Diversity-interactionmodeling: estimating contributions
of species identities and interactions to ecosystem function. Ecology, 90, 2032–
2038.
Loreau, M. & Hector, A. (2001) Partitioning selection and complementarity in
biodiversity experiments.Nature, 412, 72–76.
Maestre, F.T., Castillo-Monroy, A.P., Bowker, M.A. & Ochoa-Hueso, R.
(2012a) Species richness eﬀects on ecosystem multifunctionality depend on
evenness, composition and spatial pattern. Journal of Ecology, 100,
317–330.
Maestre, F.T., Quero, J.L., Gotelli, N.J., Escudero, A., Ochoa, V., Delgado-
Baquerizo, M. et al. (2012b) Plant species richness and ecosystem multifunc-
tionality in global drylands.Science, 335, 214–218.
Millennium Ecosystem Assessment (2005) Ecosystems and Human Well-
being: Biodiversity Synthesis. World Resources Institute, Washington,
DC.
Mouillot, D., Villeger, S., Scherer-Lorenzen, M. &Mason, N.W.H. (2011) Func-
tional structure of biological communities predicts ecosystem multifunctional-
ity.PLoSONE, 6, e17476.
Peter, H., Ylla, I., Gudasz, C., Romanı, A.M., Sabater, S. & Tranvik, L.J.
(2011) Multifunctionality and diversity in bacterial bioﬁlms. PLoS ONE, 6,
e23225.
Reich, P.B., Tilman, D., Isbell, F., Mueller, K., Hobbie, S.E., Flynn, D.F.B. &
Eisenhauer, N. (2012) Impacts of biodiversity loss escalate through time as
redundancy fades.Science, 336, 589–592.
Scherer-Lorenzen, M., Palmborg, C., Prinz, A. & Schulze, E.-D. (2003) The role
of plant diversity and composition for nitrate leaching in grasslands. Ecology,
84, 1539–1552.
Spehn, E.M., Hector, A., Joshi, J., Scherer-Lorenzen, M., Schmid, B., Baze-
ley-White, E. et al. (2005) Ecosystem eﬀects of biodiversity manipulations in
European grasslands.EcologicalMonographs, 75, 37–63.
Stachowicz, J.J., Bruno, J.F. & Duﬀy, J.E. (2007) Understanding the eﬀects of
marine biodiversity on communities and ecosystems.Annual Review ofEcology
Evolution and Systematics, 38, 739–766.
Tilman, D., Reich, P.B. & Isbell, F. (2012) Biodiversity impacts ecosystem
productivity as much as resources, disturbance, or herbivory. Proceedings of the
National Academyof Sciences of theUnited States ofAmerica, 109, 10394–10397.
Zavaleta, E.S., Pasari, J.R., Hulvey, K.B. & Tilman, G.D. (2010) Sustaining
multiple ecosystem functions in grassland communities requires higher
biodiversity.Proceedings of the National Academy of Sciences, 107, 1443–1446.
Received 8May 2013; accepted 29October 2013
Handling Editor: Robert Freckleton
Supporting Information
Additional Supporting Information may be found in the online version
of this article.
Data S1.Code and data used for all analyses and ﬁgures in this paper.
Data S2.Choice of underlyingmodel for threshold approach.
Warton, D.I. & F.K.C. Hui. (2010) The arcsine is asinine: the analysis
of proportions in ecology. Ecology, 92, 3–10.
Ver Hoef, J.M. & Boveng, P.L. (2007) Quasi-poisson vs. negative
binomial regression: how should we model overdispersed count data?
Ecology, 88, 2766–2772.
O’Hara, R.B. & Kotze, D.J. (2010) Do not log-transform count data.
Methods in Ecology andEvolution, 1, 118–122.
© 2013 The Authors. Methods in Ecology and Evolution © 2013 British Ecological Society, Methods in Ecology and Evolution, 5, 111–124
124 J. E. K. Byrnes et al.
